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Abstract 
Armed with its experience of the flexible airfield pavement testing for which an advanced dynamical method was developed and 
a technical guidance released in 2014, STAC took on the challenge of transposing the methodology to rigid pavements. 
The approach is the same as for flexible pavement: first the development of a mechanical model allowing calculating stresses and 
strains in the concrete slab under Heavy Weight Deflectometer (HWD) impulse loading, which can be used in a backcalculation 
process, and then the implementation of damage prediction laws. 
The developed mechanical model is based on a 3D finite element (FE) technique. It enables considering either static or 
dynamical impulse HWD loading, applied on the concrete slab center, slab edge, or slab corner, for an isolated slab. 
A thermo-mechanical model is included in the FE model and enables computing the slab deformation as a function of the thermal 
gradient in the slab. The resulting deformation can be used as initial geometrical input, as well as related internal stresses, for the 
above mechanical calculation. 
The numerical results have been compared with experimental data from HWD tests performed on the STAC’s full-scale 
instrumented test facility. The latter comprises a 700 m2 rigid pavement including dowelled and non-dowelled areas. It is 
instrumented in the neighborhood of slab corners and middle of slab edges with sensors measuring vertical displacements on the 
loaded slab and the adjoining ones, and tensile strains at the bottom of the slab. An HWD survey was conducted on both 
dowelled and non-dowelled areas, including multi-height tests at different positions on the instrumented slabs. 
This paper first describes the dynamical 3D FE modeling developed, and the numerical results obtained. Then, the results of the 
full-scale validation are presented, which include comparison between expected surface deflections and HWD measurements, 
and comparison between predicted strain values and those recorded by embedded sensors. 
© 2016The Authors. Published by Elsevier B.V.. 
Peer-review under responsibility of Road and Bridge Research Institute (IBDiM). 
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1. Introduction 
The French civil aviation technical center (STAC) acquired few years ago a Heavy Weight Deflectometer 
(HWD) for pavement testing. An advanced dynamical method was developed in 2010 for flexible airfield pavement, 
presented in Broutin (2010) or in Broutin et al., (2013a), and a technical guidance released in 2014 (STAC (2014)).  
STAC has set itself the challenge of reproducing this work for rigid pavements. Development of an advanced 
3D-FE modeling is in progress. The validation steps of this work build on in-situ HWD results, from tests performed 
on the STAC’s instrumented test facility, presented in Broutin et al. (2013b).  
This paper first describes the earliest numerical results which consist in surface deflections and strains in the 
pavement under HWD dynamic load, for the instrumented test facility structures. These results are in a second time 
compared to the experimental ones.  
2. Method principle 
The objective is to develop a mechanical model which enables to predict surface deflections and strains in 
concrete slabs when the pavement is subjected to an external loading (static load or HWD impulse load). 
 
Two phenomena are superimposed:  
x A slow thermomechanical slab deformation due to vertical thermal gradient in the concrete slab that implies 
internal strain and stresses in the latter, 
x A one-off deformation under mechanical external loading.  
 
As the structure behavior is considered to be elastic, it is assumed that deformation, strain and stress fields from 
both phenomena can be added; this has been numerically proven by comparing the results from a thermal modelling 
added with those from a purely mechanical one, to the results of a thermomechanical modelling.  
It is thus chosen to study independently both phenomena in the following sections. Both calculations lean on 
a common 3D-finite element (FE) mesh described below (see 4.2).  
3. Structure under study 
The pavement under study is the STAC’s test facility rigid pavement whose structure is given on Fig. 1. The 
material moduli are known approximately from material formulations and laboratory testing for hydraulic materials, 
and from Dynaplaque dynamic plate tests for unbound materials and subgrade.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. STAC’s test facility rigid structure. 
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All materials are considered to have a linear elastic behavior; all layers are assumed to be fully bonded, except 
for the interface between concrete slab and lean concrete which is supposed to be fully unbonded..  
4. Mechanical modeling  
The mechanical modeling is based on a 3D-FE modeling implemented on CESAR-LCPC software presented in 
LCPC (2005). This section focuses on the modeling of an isolated slab. The load modeling is first detailed. The FE 
mesh used is then described. Some numerical results are finally presented: the contribution of dynamical effects is 
first demonstrated, followed by the influence of load plate position.  
4.1. External load modeling 
The input external load can be a static loading, or a dynamical one (HWD pulse time for instance). In the case of 
a HWD dynamical loading, force signal is approximated by a succession of step functions (see Fig. 2). The time step 
was optimized since only one time step out of three is considered. Target precisions taken into account for this study 
were 1 μm for peak deflections, 1 μm/m for peak strains, and 0.1 MPa for peak stresses.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Input load for the HWD test modeling. 
The load plate (45 cm in diameter) is included in the mesh. Three (3) loading configurations have been studied: 
load plate positioned in the slab corner, in the middle edge, or in the center of the slab. 
4.2. A 3D finite element modeling 
A FE mesh has been defined. It takes into account the real geometry of the pavement, i.e. the layer thicknesses 
and the slab dimensions (5 m × 5 m). 
It has been optimized in terms of fineness and lateral extension for underlying materials (lean concrete, untreated 
materials and subgrade). The optimization process has consisted respectively for both cases in consecutive 
refinement or geometrical adjustments, until stabilization of the results using the dynamical modeling. Target 
precisions were the same as for time step optimization, i.e. 1 μm for peak deflections, 1 μm/m for peak strains, and 
0.1 MPa for peak stresses.  
In practice, for time-saving, three standard meshes have been used: the whole above-defined mesh for slab corner 
loading (Fig. 3 (c), a half-mesh for middle edge loading (Fig. 3 (b)), and a quarter-mesh for center loading 
(Fig. 3 (a)). This was possible for symmetry reasons.  
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Fig. 3. (a) Center loading; FE mesh including a quarter of concrete 
slab and a quarter of load plate. 
Fig. 3. (b). middle-edge loading; FE mesh including a half concrete slab 
and a half load plate. 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (c). corner-edge loading; FE mesh including a complete concrete slab and a complete load plate. 
4.3. Numerical Results 
 
Comparison between numerical peak deflections obtained in the respective case of a 250 kN static loading and 
a dynamical (250 kN HWD impulse load) one is presented on Fig. 4. It appears that deflections are lower in the 
dynamical case. A 15% difference is observed, which is not negligible.  
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Fig. 4. Numerical peak deflections for static and dynamical modelings. 
Fig. 5 presents numerical peak deflections implied by a 250 kN HWD dynamical loading, for the three load 
configurations: center, middle-edge and corner loading. Distances are measured from load center on the slab axis in 
the two first cases, and on the angle bisector for corner loading. As expected highest values are obtained for corner 
loading, and lowest ones for center loading.  
 
 
 
 
 
Fig. 5. Numerical peak deflections for corner, edge and center loading. 
Fig. 5 presents numerical dynamical strains at the bottom of concrete slab calculated for a 250 kN HWD impulse 
load at slab center. Distances to load center taken into account correspond to surface geophones, positioned between 
0 (Hzz1; strain at the bottom of the slab under the load plate) and 2.40 m (Hzz13) from load center.  
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Fig. 6. Numerical peak deflections for corner, edge and center loading. 
5. Thermal effects  
A thermal modeling has been implemented to assess deformations and strains implied by a thermal gradient in 
the hydraulic materials.  
The input temperatures are the temperatures measured by the test facility sensors [Broutin et al., 2013b] during 
the test survey described below in 6.1 which will be used for the comparison between numerical and in-situ results. 
Actually, the rigid pavement presents three (3) temperature profiles, each of them consisting of seven (7) CTN 
temperature sensors embedded in the concrete slab. 
In the current case, a negative gradient is observed (see Fig. 7) in the 30-cm concrete slab. 
 
 
 
Fig. 7. Measured temperature profile in the concrete slab during test survey. 
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Fig. 8 presents surface deflections and strains at the bottom of the slab computed for this gradient. The 
calculation takes into account the own weight of the slab. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. (a) Slab surface deflections, (b) Strains at the bottom of slab (Negative thermal gradient). 
As expected it appears on Figure 8 (a) that the slab presents a convex bending. Figure 8 (b) shows a tensile strain 
profile at the bottom of the concrete slab. 
Note that strain values are low, related to the fact that the thermal gradient is not important in this case. Actually, 
the tests have been performed in winter, by night. The same calculations with gradients 5 or 10 times higher (day 
tests in summer) may lead to more significant slab bending and internal strains.  
6. Comparison between numerical and experimental results 
6.1. Presentation of the test survey 
This paragraph is dedicated to the presentation of the test survey performed in February 2013 on the rigid 
pavement of the STAC’s instrumented test facility.  
The STAC’s instrumented test facility, presented in Broutin et al., (2013b) comprises two subsections, a dowelled 
and a non-dowelled, the central slab of each being instrumented according to the set-up of Fig. 9. Extensometers (in 
blue) are embedded at the bottom of the slab. 
For representativeness purpose, a significant database was collected during 5 nights with HWD tests performed at 
slab center, slab edge and slab corners, on the 2 instrumented slabs and the adjacent ones.  
Each test point was constituted of one settle drop, three 250 kN drops and three 125 kN drops. Repeatability was 
checked by comparing the three drops of each load level, and the linear behavior was verified by comparing the 
250 kN and 125 kN results. This study also showed that the tests are repeatable and that the structure behavior is 
linear as a function of the load.  
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Fig. 9. Instrumentation of a slab from the STAC’s test facility. 
6.2. Comparison between deflections 
Fig. 10 presents in-situ deflections measured under a 250 kN HWD impulse load for corner, edge and center 
loading in the case of a non-dowelled slab.  
 
  
Fig. 10. In-situ peak deflections for corner, edge and center loading. 
Comparison with numerical results presented on Fig. 5 shows that these deflections are weaker than the values 
given by the modelling. The observed discrepancies are partly explained by the approximate input moduli, but 
especially by the real load transfer between slabs which are not taken into account into this simulation. Actually the 
numerical results come from a single-slab calculation, and even the non-dowelled slabs are not perfectly 
independent but more or less meshed together. This can explain that single slab calculation overestimates 
deflections.  
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6.3. Comparison between strains 
Fig. 11 presents tensile strain signal recorded by an extensometer near the slab edge (extensometer E10 on Fig. 9) 
under 250 kN HWD load.  
 
 
Fig. 11. Experimental strain at bottom of the concrete slab (slab edge loading). 
The peak tensile strain for principal rebound is about 31 μm/m, which is in accordance with the numerical value 
computed in 4.3 (42 μm/m). It is assumed that the strain is overestimated for the same reasons than in 6.2. 
7. Conclusion and future challenges 
The STAC has implemented a 3D-FE modeling which enables describing the rigid pavement behavior under 
HWD loading, in the case of an isolated single slab. Two independent modelling have been developed: a thermal 
one allowing describing the slab bending and internal strains and stresses due to thermal gradient, and a mechanical 
one which enable describing slab behavior under both static or dynamical loading, for different load positions on the 
slab: center, middle edge, or corner.  
The first results are encouraging. Although numerical deflections and strains are overestimated in comparison 
with the in-situ results given respectively by HWD geophones and embedded strain sensors of the STAC’s test 
facility. This can be explained by the fact that even when considered non-dowelled slabs, and even in winter when 
slabs tend to be retracted, slabs remain meshed together and cannot be considered as fully independent.  
The next step will consist in developing a FE mesh including a 9-slab section, which integrates load transfers as 
dowels for transverse joints modeling, or sinusoidal geometry for longitudinal joints. This work is in progress.  
When the modeling is improved, the next challenges will be first to implement a backcalculation method based 
on this modeling in order to provide a rigid pavement assessment methodology, and then to develop damage laws 
(probabilistic for instance) dedicated to rigid pavement, the diffused damage laws used for flexible pavement being 
inadequate to a fine description of the concrete evolution due to strain and stresses concentrations, near the dowels 
especially. 
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